This article reports degradation experiments on organic thin film transistors using the small organic molecule pentacene as the semiconducting material. Starting with degradation inert p-type silicon wafers as the substrate and SiO 2 as the gate dielectric, we show the influence of temperature and exposure to ambient air on the charge carrier field-effect mobility, on-off-ratio, and threshold-voltage. The devices were found to have unambiguously degraded over 3 orders of magnitude in maximum on-current and charge carrier field-effect mobility, but they still operated after a period of 9 months in ambient air conditions. A thermal treatment was carried out in vacuum conditions and revealed a degradation of the charge carrier field-effect mobility, maximum on-current, and threshold voltage.
I. INTRODUCTION
Organic semiconductors have increasingly attracted researchers' interest in the past few years. Much progress was made on the electrical properties of organic thin film transistors (OTFTs) based on the hydrocarbon pentacene. As a result, the electrical characteristics, such as the charge carrier field-effect mobility and OTFT's on-off ratio and switching speed, now exceed these of amorphous silicon-based transistors. 1 This opens up the way to low cost, low performance electronics for the use in, for example, wireless identification tags for single use purposes.
The great advantages of the organic semiconductors (flexible substrates and cost-efficiency) contrast with the poor stability in environmental ambient. Although OTFTs are intended for short-term use, the stability should reside in the range of months to ensure a secure function of the circuits even under critical conditions.
In general, an influence to the OTFT's performance is attributed to ultraviolet (UV) light, temperature, water damp, and oxygen. The exact mechanism of each disturbance to the electrical key parameters of the die is not well known yet. An influence of water damp 2, 3 and oxygen 4, 5 is predicted on the charge carrier field-effect mobility and the threshold voltage. Generally, these effects are thought to be reversible, heating up the OTFTs in a dry atmosphere up to 100-250°C. 2, 3, 6 We fabricated OTFTs on p-type Si substrates with a thermally grown gate dielectric layer of 110-nm SiO 2 to exclude parasitic degradation effects by an e.g., polymeric substrate. Thermally evaporated pentacene up to a thickness of nearly 60 nm formed the organic semiconductor layer. To estimate the stability and the lifetime of OTFTs in the environmental ambient, the wafer was kept unprotected in dark laboratory conditions (air, ambient humidity, 20°C) and was measured in intervals of 3 months. After 9 months, this device was found to have considerably degraded but it still operate with decreased charge carrier field-effect mobility and on-current, and a shift in the threshold-voltage. However, the on/off-ratio remained on a low but stable value of 10 2 . To our knowledge, no comparable data is available that quantifies degradation experiments over a period of 9 months. The presented results were measured at a single device but represent a typical behavior of degradation of this type of OTFT that was detected qualitatively.
Another wafer was treated with a temperature procedure to affirm the predicted reversibility of oxygen and water vapor influence. The results show a decreasing charge carrier field-effect mobility with increasing duration of the procedure.
II. PREPARATION
The OTFTs fabrication started on a 100-mm p-conducting silicon wafer to have degradation-inert substrate conditions. Using a simple transistor structure (Fig. 1 ) the silicon substrate serves as a conducting gate-contact, too. First, 300-nm field oxide was generated using thermal oxidation to affirm a sufficient insulation of the later contact areas from the all over substrate-gate. Contact lithography was chosen to define the area, which was transferred in the SiO 2 by wet chemical etching in a buffered HF solution.
After resist stripping in oxygen plasma, a second oxidation step was carried out at 925°C to grow an electrical stable gate dielectric. Subsequently, the SiO 2 thickness was determined by ellipsometry to be as large as 110 nm. The contacts were fabricated by direct current sputtering of Ni and Au, whereas the Ni was used to enhance the adhesion of the Au to the SiO 2 gate dielectrics. 7 The structures were patterned by UV contactlithography and lift-off with ultrasonic agitation in acetone.
Finally, the pentacene (Aldrich) was thermally evaporated with a constant evaporation rate of 0.1 nm/s until the film reached a thickness of nearly 60 nm. The sample was kept in 6 × 10 −7 mbar vacuum-conditions and preheated at 60°C. This procedure ensures high pentacene film quality with a typical organic grain size of nearly 250 nm in diameter, as confirmed by atomic force microscopy (AFM; Fig. 2 ).
III. EXPERIMENTAL
Directly after the deposition of the organic layer first electrical characterizations were carried out in dark ambient air conditions in a shielded metal box using the HP 4156A semiconductor parameter analyzer to determine the initial parameters of the test devices.
The inset of Fig. 3 depicts the output characteristic of a freshly produced OTFT with W ‫ס‬ 1000 m and L ‫ס‬ 1 m where the maximum current yields −61 A at −40 V drain-source voltage (V ds ) and −40 V gate-sourcevoltage (V gs ). The threshold voltage was found to be as large as 4.8 V, the subthreshold slope was determined to be 10.3 V/dec and the on/off-ratio limits in the range of 10 2 (Fig. 3) . The initial charge carrier field-effect mobility was specified to be 2 × 10 −3 cm 2 /Vs in the saturation region at −40 V gs .
We repeated the measurements on the same OTFT in intervals of three months while the device was kept in dark but ambient air conditions at room temperature to simulate realistic operating conditions of the later OTFT circuits. This article presents only the quantified data of degradation of a single sample but in line with typical results that were obtained with this type of OTFT. The experiments revealed a decrease of the maximum oncurrent at V gs ‫ס‬ −40 V and V ds ‫ס‬ −40 V of one order of magnitude per quarter year in the first 6 months (Fig. 4) . The continuous decay of the maximum oncurrent from the initial value of −61 to −6.8 A after 3 months, −457 nA after 6 months and −187 nA after 9 months of degradation seems to finally merge into saturation (Table I) . Overall, the on/off-ratio remained on a stable but low level of 10 2 in the first 6 months. The relatively high off-current is attributed to the pentacene layer that is not structured to limit to the active transistor area. In combination with the common gate electrode, leakage currents are inevitable. Another small leakage current near V ds ‫ס‬ 0 V at V gs ‫ס‬ −40 V is detected and should not be neglected. However, it seems to be affected by the degradation of the pentacene, too, and remains in the same ratio to the on-current over at least 6 months. With this, it cannot be assumed that the origin of the leakage current is in a current path through the gate dielectrics. Even after more than 9 month of degradation the maximum leakage current through the gate dielectrics do not exceed more than 8 nA at V gs ‫ס‬ −40 V. It is a well known feature from metal-oxide-semiconductor technology that SiO 2 gate dielectric layers remain stable against degradation effects. With this the origin of this type of leakage current seems to be in the pentacene layer. Future experiments will be done to prove the origin of this leakage current.
During the process of degradation, the threshold voltage shifted from 4.8 to −8 V, pointing to a doping or charge polarization of the active semiconducting layer. 8 As the threshold voltage shift correlates with the decreasing maximum on-current, a current-stress-induced degradation in the presence of oxygen and water molecules has been assumed as a high probability of a reaction of the pentacene with oxygen and water in an electric field was evaluated by Northrup et al. 9 Following this theory, we presume that charged defects are formed at the dielectric interface to the pentacene layer and at the numerous grain boundaries. There, they would result in an unintended doping and with this in a shift of the threshold voltage. In addition, a reaction of the SiO 2 dielectrics with the ambient water causing similar effects to the device may not be excluded, too. A significant degradation of the charge carrier field-effect mobility is observed, which drops from a value of 2.0 × 10 −3 cm 2 /Vs to 1.2 × 10 −5 cm 2 /Vs in the interval of 9 months. The mobility is influenced by the number of grain-boundaries and disturbing potentials at the grain-boundaries. In Ref. 5 , the influence of oxygen has been assumed to cause trapping states at these interfaces. The here presented results suggest a comparable reaction of the ambient oxygen to the pentacene that will be discussed after consecutive experiments. Raising the gate voltage to the transistors on-state, the formation of the conducting channel between the source and drain contacts is expected to be situated in the lowest monolayers of the pentacene film near the dielectric interface. 10 With this, the abovementioned defects at the dielectric interface directly would induce a disturbance to the formation of this thin conducting layer, resulting in a decrease of the charge carrier field-effect mobility.
Another experiment was carried out to probe the influence of temperature to the parameters of OTFTs. A transistor providing Ni-contacts of W ‫ס‬ 1000 m and L ‫ס‬ 1.5 m was exposed to a thermal treatment. Kept in a vacuum-chamber at 10 mbar, the device was heated up to a constant temperature of 65°C and was measured after 0, 2, 20, and 200 min. The measurements were carried out at room temperature between two intervals of the thermal procedure. All tested transistor parameters are extracted from the same device and are found to have notably declined after at least 20 min of duration. In Fig. 5 , the resulting maximum on-current at −10 V gs and −20 V ds resides at the moiety after 20 min of exposure to the thermal treatment, the mobility decreased almost one order of magnitude and the on/off-ratio shrinked by one order of magnitude. The threshold voltage remains in the region of 3.5 V and varies with no decisive direction. Initially, this procedure was thought to improve the film quality by molecular ordering of the pentacene crystals. It is suggested that a disintegration of the pentacene crystallites occurred, resulting in a disturbance of the current path from the source to the drain contact. We propose that the degradation of the measured parameters is caused by a defect similar to the dangling bond mechanism in amorphous silicon devices as predicted from Northrup et al. 9 The addition of hydrogen or oxygen to the pentacene molecule is an exothermic reaction. The removal of hydrogen, however, is an endothermic process that leads to a perturbation of the delocalized state of the molecule. 9 The required energy for this reaction could have been supplied by our thermal treatment experiment. With this, pentacene molecules with unsaturated bonds and thus defect potentials were generated. This would correspond with the results of the experiment: the decrease of the mobility as well as the decrease of the maximum on-current goes in line with a disturbed charge-carrier transport mechanism.
IV. CONCLUSION
In summary, we presented organic field-effect transistors made of the hydrocarbon pentacene having significantly degraded after 9 months in ambient air conditions of a long-term experiment but are found to be still operating. The decay of the mobility over 3 orders of magnitude was assumed to be related to oxygen caused trapping states at the grain boundaries and the SiO 2 /pentacene interface. Hence, the formation of the current path in the first monolayers of the pentacene film should be disturbed. The maximum on-current decreased over 1 order of magnitude per quarter year going in line with the threshold voltage shift, while the on/off-ratio kept constant at a value of 10 2 . A thermal treatment in vacuum conditions at a constant temperature of 65°C revealed a decrease of the maximum on-current, the charge carrier field-effect mobility and the on/off-ratio suggesting a degradation of the semiconducting pentacene layer comparable to the dangling bond mechanism in all over silicon devices.
